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Abstract

Deformation bands are significant discontinuities in reservoir sandstones providing baffles to the migration of fluids
and acting as seals for hydrocarbon accumulations. Their contribution to these processes is dependent upon a range of
inter-related factors including lateral continuity, relative displacement, reservoir geohistories and rock microstructure.
Deformation bands have millimetre-scale displacements, which are smaller than the seismic resolution, and hence the
study of their microstructure from reservoir cores is a necessary tool in the prediction of their fault seal potential. The
latter is only achieved if detailed petrophysical measurements of fault microstructure are carried out using techniques,
which are suitable for measurement of very low permeability fault rock at the relevant scale. Conventional techniques of
fault rock porosity and permeability determination invite host rock bias in measurement and inevitably underestimate
the potential of these structures as fluid barriers. Pressure decay probe permeametry used in this study has the
advantage of measuring small volumes of rock at finer spatial resolutions and detailed permeability distributions
around common types of deformation bands are obtained. Together with supporting data provided by conventional
core analysis techniques, these measurements show that the greatest differences in petrophysical properties relative to
host rock occur in those bands, which have experienced cataclasis. These results provide valuable input into reservoir
simulation models and help reduce much of the uncertainty regarding the role of different types of deformation bands in
fault seal. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction processes [1-6]. The latter is only possible by de-
tailed understanding of the processes, which con-
trol the evolution of fault rocks and quantifica-
tion of the petrophysical properties of the
different fault rocks present in the hydrocarbon
field [7]. There is, however, a dearth of published
petrophysical data on deformation bands in the

literature. The majority of work has focused

The microstructure of fault rocks has recently
formed the basis of numerous studies aimed at a
better understanding and prediction of fault seal
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upon ‘closed’ faults with deformed fabrics relative
to the host rock. These structures often have dra-
matic reductions in porosity and permeability,
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rendering them non-conductive to fluid flow.
Commonly referred to as deformation bands
[3,4,8-10], they have throws in the order of a
few millimetres and hence are below the resolu-
tion of seismic data. It is therefore important to
characterise their internal microstructure from
core recovered from drilling programmes for ef-
fective fault seal analysis.

Deformation bands which have formed by re-
ductions in grain size and sorting aided by in-
creased packing [10] are referred to as ‘cataclastic’
[11]. These are common in the best quality sand-
stone reservoirs (i.e. highest depositional poros-
ities and permeabilities) and have markedly re-
duced porosity and permeability relative to their
host rock [4,12,13]. The principal mechanism of
porosity reduction is a wider grain size distribu-
tion that permits closer packing, associated with
grain size reduction concomitant with increasing
strain, confining pressure and fault displacement
[14,15]. It is not always possible to predict dis-
placement from the degree of grain comminution,
as displacement may not be accommodated by
grain fracturing during the late stages of deforma-
tion band formation [10]. This is a result of the
‘cushioning effect’ that smaller grains have upon
larger grains, offering a more even pressure than
that if a few large grains surround a central grain,
and therefore preventing grain fracture. The
‘nearest neighbour theory’ of Sammis et al. [15]
is however in operation in host rock pods (lenses
of undeformed sandstone sandwiched in between
deformation band zones) where microfractures
are a result of stress concentrations at point con-
tacts between similar sized grains [10]. Cataclastic
deformation bands form sequentially by strain
hardening from single bands with millimetre-scale
displacement to compound zones of deformation
bands [8,9]. Compound zones may develop slip
surfaces across which there is metre-scale slip.

Deformation by clay smearing [16,17] and by
the mixing of phyllosilicate (clay) material
[5,18,19] into deformation bands has also been
addressed. It has recently been suggested that as
little as 20% phyllosilicate content of a deforma-
tion band is sufficient to give it a comparable fault
sealing potential to clay smears [5]. This observa-
tion removes the simple assumption that fault seal

is only accomplished through clay smearing and
by the juxtaposition of permeable and imperme-
able sandstones. Cemented deformation bands
[20] are common reservoir seals and negate the
applicability of simple seal prediction based only
on host rock lithology [7]. These cements are a
result of precipitation from fluids flushing along
the fault zone, or in cataclasites they may result
from attraction of dissolved species to the high
concentration of nucleation sites on newly created
fracture surfaces [7]. Healing quartz cement is
common within fractured grains in deformation
bands. High temperatures and the presence of re-
active pore fluids speed the healing process and
reduce the time required for crack closure in
quartz [21]. This implies that open microfractures
are young and have remained at relatively low
temperatures [22] or that there has been an ab-
sence of pore fluids loaded with dissolved miner-
als.

Whilst appreciating the need for integrated geo-
metrical and microstructural studies of fault rocks
for effective fault seal analysis [4,23], this paper
focuses upon the internal structure of a variety of
deformation bands from different settings in rela-
tion to their petrophysical properties. These dis-
continuities influence the production history of
most reservoirs, and their impact upon fault dam-
age zones in high porosity sandstones has been
extensively studied using relatively low-resolution
techniques such as conventional core analysis and
outcrop minipermeametry [4,5]. Many deforma-
tion bands, however, have permeabilities consid-
erably lower than 1077 m? (0.01 mD), the con-
ventional resolution of traditional Hassler sleeve
gas permeametry.

In this study, a database of deformation band
petrophysical properties has been generated. Such
data are necessary to support a developing under-
standing of (i) the relationship between the micro-
structure and petrophysical properties of defor-
mation bands, (ii)) their influence upon fluid
flow, and (iii) their role in fault seal analysis [6].
Such data enable more accurate fault seal predic-
tions to be made, which is highly important con-
sidering that exploration efforts are being increas-
ingly aimed at more complex and/or fractured
Teservoirs.
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Fig. 1. The variable microstructures of deformation bands in reservoir sandstones. (a) SEM, backscattered electron image show-
ing cataclastic deformation bands hosted by high porosity, clean sandstone (porosity in black). This region of the sandstone has
experienced significant reductions in grain size despite containing host rock size grains. (b) SEM, secondary electron image of the
deformation band in (a) illustrating the highly crushed nature of the deformation band fabric relative to the host. (c) Clay-rich
deformation band from southern North Sea hosted by texturally and mineralogically immature sandstone. (d) Cataclastic defor-
mation band cemented by anhydrite from texturally immature southern North Sea sandstones.

2. Petrography of deformation bands

Deformation bands have displacements in the
order of 1 mm to 2 cm, are tectonic in origin,
and tend to cluster around larger, seismically re-
solvable master faults [1,4,23,24]. The deforma-
tion bands are laterally continuous in outcrop
and at well-scale, tending to distribute the dis-
placement over a significant volume of rock com-
pared to the volume of the original deformation
band before splitting into two or more bands.
Synsedimentary and compactional sub-seismic
faults [18,25] have a more random spatial distri-
bution relative to master faults. These are not
commonly reported in the literature, and are not
considered in this study.

The deformation bands are recognised in thin
section as linear distributions of partially to com-
pletely deformed grains with associated porosity
reductions but rarely containing a clearly defined
slip surface (Fig. 1). Examples of cataclastic de-

formation bands are shown in Fig. la,b where
significant reductions in macro-porosity and per-
meability are a function of grain size reduction,
and correlate well with reductions in sorting [26].
The latter is a result of the occurrence of unde-
formed host-sized grains in a groundmass of com-
minuted quartz, feldspar and rock fragments. The
presence of these larger, rounded grains suggests
that during initial straining, the quartz grains
were disaggregated and incorporated into the ma-
trix by grain boundary fracture mechanisms [27]
and abraded during rotation in the deformation
band matrix [12]. Host-sized grains also occur in a
clay matrix in the clay-rich deformation bands
(Fig. 1c). These structures have experienced vary-
ing amounts of grain comminution and cementa-
tion (quartz, anhydrite, calcite, etc.). They also
have a more homogeneous distribution of clays
(often authigenic illite) compared to the host
rock, which have been mixed into the bands dur-
ing the deformation process, with very similar
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Fig. 2. Dilational deformation bands cemented by fluorite. (a) Compartmentalisation of the Hopeman Sandstone, NE Scotland
by fluorite cemented deformation bands. The fluorite cements a narrow zone on either side of individual fault strands. (b) Catho-
doluminescence image showing chemical zoning within the fluorite cements indicating rapidly evolving fluid flow. Here, no grain
size reduction or compaction is observed as dilation has been the dominant process.

grain size distributions to the host rock (Fig. 1c).
In fact, clay-rich deformation bands in sandstones
have similar sealing potential to clay smears,
which characterise shaley lithologies [5].

The contribution of these structures to fault
sealing is invariably depth related. For example,
the mechanical reduction of porosity and perme-
ability along fault planes is more likely with in-
creasing confining pressure. The precipitation of
cements is also more likely at greater depths. In
Fig. 1d anhydrite cement is concentrated in the
crushed pores of a cataclastic deformation band,
suggesting that this structure has been reactivated
to provide a pathway for fluid flow. Similar de-
formation bands have been reported in reservoirs
from the UK sector of the southern North Sea
[6,28]. The deformation band represents advanced
levels of cataclasis giving a better-sorted grain size
distribution (minus cement) than the host rock. It
is probable that cement nucleation is easier in the
smaller pores as it requires less free energy than if
it were to precipitate in larger, host rock pores [7].
Such a mechanism indicates that enhanced fluid
movement may occur along the deforming zone
during faulting. It is therefore unlikely that seis-
mic pumping [29] is the mechanism for fluid mi-
gration. Seismic valving may be involved, in
which fluid overpressure within a reservoir juxta-
posed against the deformation band drives fluid
movement [30]. Fluorite cementation in relation
to dilational deformation bands in the Permian
Hopeman Sandstone, NE Scotland is illustrated

in Fig. 2. The cement is restricted to a narrow,
pervasive region around the band lending cre-
dence to a suction pump theory of cement deriva-
tion (Fig. 2a) [31,32].

3. Petrophysical techniques

A database of petrophysical properties of de-
formation bands from the southern North Sea
and from outcrop sandstones in the UK has
been produced, which incorporates critical prop-
erties, requiring quantification for successful fault
seal analysis. These are (i) porosity, (ii) permeabil-
ity, (iii) capillary entry pressures, (iv) irreducible
water saturation, Swi, (V) grain size distributions
and (vi) pore throat diameter distributions.

These properties have been obtained from a
range of conventional core analyses including
(1) mercury injection capillary pressure (MICP)
analysis, (i) helium porosimetry, (iii) thin-section
image analysis, (iv) scanning electron microscopy
(SEM), and (v) Hassler sleeve gas permeametry
(HSGP). Permeability has also been obtained us-
ing the novel pressure decay probe permeametry
(PDPK) technique.

The MICP technique has been used to measure
capillary entry pressures and to calculate porosity,
pore radii and irreducible water saturations.
Capillary entry pressure, P, can be used to deter-
mine the sealing properties of a deformation band
[4]. This is the minimum pressure required for a



S.R. Ogilvie, P.W.J. Glover| Earth and Planetary Science Letters 193 (2001) 129-142 133

non-wetting phase (e.g. hydrocarbons) to displace
the connate water out of the pore space:

_ 2ycos6

P. 2

where R is the effective interconnected pore throat
radius, yis interfacial tension and 6 is the wetting

angle.
apillary pressure curves were generated for

host rock and deformation band samples. The
MICP technique has the advantage over core
plug porosimetry in that the deformation bands
can be separated from their host rock, hence the
data are specific to the deformation band or host
rock respectively. Helium porosimetry does, how-
ever, reach smaller pores than mercury porosim-
etry, and therefore is used to provide mean (effec-
tive) porosity values. Image analysis of thin
sections impregnated with blue epoxy was also
used to measure the porosity variation within
and around the deformation band zones. Changes
of porosity in tandem with textural and mineral-
ogical changes were also observed using a scan-
ning electron microscope (SEM). Grain diameter
distributions of deformation bands and their as-
sociated host rock were calculated from a series of
SEM photographs taken across deformation
bands.

The permeability of core plugs was measured
using HSGP and corrected for the klinkenberg
effect. This corrects for slippage of gas along the
rock walls at low pressures (low densities). The
deformation bands account for about 30% of
the plugs, hence there is a host rock bias in mea-
surement. A pressure decay probe permeameter
[26,33] was used therefore to provide a more de-
tailed permeability distribution of deformation
band zones of representative samples of deforma-
tion bands. Depending upon grid spacing, the mi-
cro-permeability of individual structures can be
accurately measured by this method without sep-
arating them from their host rock. This technique
measures the permeability of the rock by the re-
lease of a pulse of nitrogen gas through a laser-
guided probe into the rock surface at 1 mm diam-
eter nodes on a pre-defined pencilled grid drawn
on the rock surface. Pilot tests have revealed that
graphite from the pencilling does not clog the

pores of the rock, and has no influence upon per-
meability. The pressure decay of nitrogen gas was
monitored and used to calculate the slip-corrected
permeability at a given node on the grid. The
permeabilities were obtained using a modified
Darcy’s equation [33]. These were grouped into
12 bins and plotted as two-dimensional (2D) per-
meability contour maps [26]. This technique is
particularly advantageous in the measurement of
low fault rock permeabilities as it (i) has a higher
spatial resolution than HSGP in measuring small-
er volumes of rock, (i) can measure permeabilities
as low as 107!® m? (0.001 mD) (cf. conventional
limit of 1077 m? (0.01 mD) for HSGP), and
(iii) high-resolution ( < 5 mm) permeability profiles
of rock surfaces can be produced.

4. Results: petrophysical properties

The petrophysical properties for the deforma-
tion band samples and their host rock are given in
Table 1. A combination of 2D and 3D measure-
ments allows accurate petrophysical characterisa-
tion of common types of deformation bands.

4.1. Porosity

3D porosities of 1 inch core plugs were mea-
sured using helium porosimetry and the offcuts
subjected to mercury injection capillary pressure
(MICP) analysis and to thin-section image analy-
sis. Porosities are dependent upon the scale of
measurement, but significant reductions are re-
corded using all techniques. The most significant
differences in MICP porosities between sample
pairs are for the cataclastic and dilational ce-
mented deformation bands relative to the host,
where up to 50 and 75% reductions respectively
are observed (Table 1; Fig. 1a,b). By contrast, the
reduction in porosity in clay-rich and cataclastic
cemented deformation bands relative to host
sandstone is no greater than 25% (Table 1; Fig.
lc,d). Helium technique porosities from core
plugs show less contrast between host rock and
deformation band samples. This is because these
are mean values of deformation band and at-
tached host rock. There are greater differences
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Fig. 3. Mercury injection capillary pressure curves for host
rock and deformation bands listed in Table 1, (a) cataclastic,
(b) cataclastic and dilational cemented and (c) clay-rich.

in image-analysed porosities particularly in the
cataclastic deformation bands, but there are also
significant changes in the clay-rich samples
(Table 1).

4.2. Capillary pressures
Mercury injection-derived capillary pressure

curves are presented in Fig. 3. There are consid-
erable differences between the capillary pressure

# particles analysed (%)

# particles analysed (%)

01 04 1 10 100 1000
Particle Diameter (micron)

Fig. 4. Grain size distributions for representative clay-rich (a)
and cataclastic (b) deformation bands (dashed line) and their
host rocks (solid line). These have been measured from SEM
photographs across deformation bands. The clay-rich defor-
mation bands have similar grain size distributions to their
host. The cataclastic deformation bands have approximately
half the modal grain size of the host rock at a point perhaps
representing the frictional strength of the rock.

curves of the host and deformation band samples,
from which Sw; was calculated. The greatest dif-
ferences in capillary pressures, P., are for the

e

o + -
: Cataclastic Dilational
Cataclastic Faults Clay-rich Faults comented Faults

Sui (%)

Fig. 5. Irreducible water saturation (Swi) variation between
deformation bands (square symbols) and host rock (diagonal
symbols). The cataclastic deformation bands and dilational
cemented deformation bands have the greatest differences in
Swi to their host rock.
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Fig. 6. Apex saturations and MICP pore size distributions for (a) cataclastic, (b) cataclastic cemented and (c) clay-rich deforma-

tion bands and host rock.

cataclastic deformation bands relative to their
host (Fig. 3a). These deformation bands have a
mean capillary entry pressure of 1.9 10° Pa com-
pared to their host rock which requires only
4.4%10° Pa for initial injection of mercury. The
host samples have a flatter plateau section of the
capillary pressure curve compared to deformed
material due to the mercury forming a well-con-
nected thread through the sample as a result of
better-sorted pore apertures. Consequently, the

host rock samples have considerably lower capil-
lary entry pressures and reach saturation more
abruptly (Fig. 3; Table 1). Cemented cataclastic
deformation bands sport curves, which have an
almost identical morphology to their host, and
these samples require much greater capillary entry
pressures compared to other samples (Fig. 3b). In
the clay-rich samples, a mean pressure of 1.7 X 10°
Pa characterises the entry of Hg into the host
rock compared to 2.9 10° Pa for the deformed
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material (Fig. 3c). These curves may also be ex-
pressed as effective pore radii distributions. The
mean pore throat radii for all deformation bands
are quite similar to their host rock (Table 1). In
fact, the clay-rich deformation bands have a mean
value of 1.8 um, which is greater than that of their
host samples (1.3 um). Grain size distributions for
host rock and deformation bands are similar for
the clay-rich samples, i.e. very poorly-sorted dis-
tributions (Fig. 4a). However, relatively well-
sorted (high porosity) host sandstones grade into
a bimodal cataclastic deformation band distribu-
tion (e.g. Fig. 4b). The coarse mode represents the
fraction of stronger grains that have preferentially
survived, survival becoming easier as grains
around them become crushed, smaller and more
supportive.

4.3. Irreducible water saturations

Irreducible water saturation, Swi, was calcu-
lated from the MICP data to quantify the storage
capacities of the deformation bands and their
hosts. The cataclastic and dilational deformation
bands have the greatest difference in Sy relative
to their host rock, i.e. up to 9 X greater (Fig. 5),
and hence the lowest fluid storage capacities.
Clay-rich and cataclastic cemented deformation
bands also have high Swi, which are not signifi-
cantly greater than that of their host rocks indi-
cating low storage capacities but the ability to
support large fluid columns.

4.4. Apex saturations

Apex hyperbolae calculated from MICP data
are a useful way of representing the point in a
pore system, which most significantly contributes
to flow [34]. Apex saturations for representative
deformation bands and host rock are illustrated
in Fig. 6 together with MICP-derived pore size
distributions.

The apex saturations for the cataclastic defor-
mation bands and host rock indicate very differ-
ent flow properties (Fig. 6a). Those of the defor-
mation bands are considerably narrower than that
of the host rock and are skewed towards lower
levels of saturation (ca. 20%). This coincides with

a poorly-sorted pore size distribution from 0.5 to
0.03 um. The host rock has a well-sorted, uni-
modal pore size distribution from 12 to 20 pm
and apex saturation at 55%.

The cemented cataclastic (Fig. 6b) deformation
bands do not have significantly different apex vol-
umes to the host rock. These have the most sim-
ilar flow properties to their host rock. Pore size
distributions for these samples are virtually iden-
tical, with a spread of pore sizes between 30 and
0.003 um being indicative of poorly-sorted pores.
Some samples have smaller pore sizes relative to
their host, but have a similar poorly-sorted pore
size distribution.

Apex distributions for clay-rich (Fig. 6c) sam-
ples show a coarse mode (macropores, >1 pum)
constituting the dominant pore aperture classes
and a weaker secondary mode (micropores, <1
um) for both host and deformation band samples.
The coarse mode of the deformation bands from
3.65 um to 0.37 um corresponds to an apex satu-
ration of 20%, which represents the pore size
range that controls fluid flow. The coarse mode
of the host rock is from 15 to 0.37 um, which
coincides with a shift in the apex towards 30%
saturation. These curves also testify to the very
similar flow properties of clay-rich deformation
bands and their host rock.

4.5. Permeability

Slip-corrected permeabilities are calculated us-
ing Hassler sleeve gas permeametry on core plugs
and using pressure decay probe permeametry on
the cores themselves.

The reduction in slip-corrected permeability
(Kp) from host rock plugs to those containing
deformation bands depends upon plug orienta-
tion, the number of deformation bands making
up the sample, the amount of attached host
rock in the latter, and the host rock composition.
The deformation bands hosted by high porosity
host rocks have the greatest difference in perme-
ability, relative to their host. In the clay-rich
cases, host rock K is not markedly different
from plugs containing single deformation bands,
and little difference is observed between deforma-
tion band permeability in a vertical or horizontal
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Sandstone Image PDPK Profiles Legends
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direction. Furthermore, bedding orientation may
have a greater effect in permeability reduction
than deformation band orientation, e.g. sample
D9 cut normal to the host rock lamination has
an order of magnitude permeability less than that
of horizontal deformation band plug D9 and ver-
tical host rock plug H9 (Table 1).

Paired ¢-tests were run on HSGP data using
SigmaStat 2.03® for clay-rich and cataclastic de-
formation bands and their host rocks to quantify
the difference between host rock and deformation
band permeabilities. For the clay-rich deforma-
tion bands P=0.019 and for the cataclastic defor-
mation bands P=0.03. In both cases, P<<0.05
indicating a >95% probability that there is sig-
nificant difference between the host rock and de-
formation band Hassler sleeve gas permeametry
data sets.

4.6. Pressure decay probe permeametry

Pressure decay probe permeametry (PDPK)
profiles demonstrate the microscale variations in
permeability in small volumes of rocks within and
around deformation band zones and individual
strands of deformation bands. In most cases the
individual strands split and recombine forming
isolated host rock pods.

Pervasive zones of extensional, millimetre-thick,
cataclastic bands in the highly porous sandstones
are delineated as primary regions of permeability
reduction (Fig. 7a). There are reductions up to
four orders of magnitude compared with the per-
meability of the adjacent host rock, and a five
order of magnitude reduction compared to the
bulk host rock. The regions of most advanced
grain comminution (Fig. la) have mean perme-
abilities as low as 9.8x1072° m? (107* mD),
and therefore are likely fault seals.

In the clay-rich sandstones there is a mean re-

duction in permeability of two orders of magni-
tude for the deformation bands (to 9.8x 1071
m?; 1 mD) compared to the clay-rich host rock
(Fig. 7b,c), and a five order of magnitude reduc-
tion in permeability occurs from the deformation
bands into the intervening host rock pods. In this
region the permeability drops to 1.9 10719 m?
(2% 10™* mD), illustrating the potential of these
zones of clay-rich deformation bands as barriers
to fluid flow and their excellent fault seal qualities.
However, the influence of clay-rich deformation
bands as barriers to fluid flow is often matched
by variations in laminae thickness and variations
of grain size within laminae. For example the
dark laminae in Fig. 7b have a comparable per-
meability to the deformation bands and have up
to five orders of magnitude lower permeability
values relative to neighbouring lighter coloured
laminae. The deformation band zones also have
a large influence outside their boundaries as evi-
denced by regions of low permeability occurring
as haloes outside the limits of the deformation
band zone (Fig. 7b).

A more accurate portrayal of the micro-perme-
ability of host rock pods and deformation bands
was achieved using 5 mm grid spacing as opposed
to 1 cm grid spacing. The increased grid resolu-
tion shows regions of lowest permeability coincid-
ing with individual (1-2 mm thick) strands and
laminae on the core image (Fig. 7b,c). In Fig.
7d, a 1 cm grid spacing underestimates permeabil-
ity in this sample, whereas at 5 mm grid resolu-
tion swarms of anhydrite and dolomite cemented
cataclastic deformation bands coincide with well-
constrained regions of permeability, and reduc-
tions of up to two orders of magnitude to
1.98 <1077 m? (0.02 mD) are measured across
the deformation bands. By contrast, core plug
measured (Kp) permeability shows reductions up
to one order of magnitude in clay-rich deforma-

«—

Fig. 7. Pressure decay probe permeametry (PDPK) maps of sandstones containing deformation bands, accompanying images and
legends. Note that the reliability of permeabilities lower than 107'® m? is questionable. (a) Reductions in permeability of four or-
ders of magnitude in pervasive, cataclastic deformation bands relative to highly porous host sandstones. (b,c) Less severe reduc-
tions in clay-rich deformation bands (mean of two orders of magnitude), hosted by low porosity clay-rich sandstones. At a 5 mm
grid resolution the interplay between sedimentary and structural permeability barriers is illustrated. (d) Swarms of anhydrite and
dolomite cemented deformation bands with a mean of two orders of magnitude reduction in permeability relative to the

well-laminated sandstones of the host rock.
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tion bands and up to two orders of magnitude for
cataclastic deformation bands (Table 1). Never-
theless these measurements serve to illustrate
that there is up to two orders of magnitude less
permeability in plugs containing cataclastic bands
oriented normal to flow compared to those paral-
lel to flow. Plugs containing clay-rich deformation
bands have similar permeabilities in a direction
parallel or normal to gas flow (Table 1).

5. Conclusions

High-resolution petrophysical data generated in
this study in relation to the microstructure of de-
formation bands enables more accurate predic-
tions of the sealing capabilities of various defor-
mation bands to be made. Deformation bands
have throws on the millimetre-scale and hence
are not resolvable using seismic mapping tech-
niques. Therefore, prediction from the microscale,
i.e. from a ‘process’ point of view, is a potentially
powerful tool.

Pressure decay probe permeametry (PDPK)
and image analysis porosimetry have been used
to provide measurements on 2D volumes of indi-
vidual deformation bands at finer spatial resolu-
tion than commonly used techniques. The data
must be collected at the millimetre-scale (i.e.
5 mm grid spacing) as only at this resolution the
permeability of individual structures and other
surrounding potential flow barriers can be effec-
tively delineated. A much smaller grid in PDPK is
expected to give greater permeability heterogene-
ity. These measurements should be combined with
more conventional techniques which sample 3D
rock volumes. For example, mercury injection
capillary pressure (MICP) analysis provides useful
deformation band-specific, porosity, pore size dis-
tribution and Sw; data.

The results provide a framework for classifying
common types of deformation bands in terms of
their petrophysical properties. These are as fol-
lows:

e Cataclastic deformation bands result from
grain size reductions, grain packing and reduc-
tions in sorting, and often contain a large

amount of host-sized grains. Zones of deforma-
tion bands have PDPK permeabilities from
49x1072° m? (1075 mD) to 4.0x107'% m?
(40 mD) and HSGP measures of up to two
orders of magnitude reduction in permeability
within deformation bands. These deformation
bands have porosity reductions of up to 50%
relative to their host rock, however, occasion-
ally greater reductions are recorded using thin-
section image analysis. They have up to 6X
greater irreducible water saturations (Swi) rela-
tive to the host rock and therefore considerably
lower fluid storage capacities compared with
the host rock. Cataclastic deformation bands
are therefore primary baffles to flow in the
high porosity sandstones studied and, depend-
ing upon geometrical distribution, qualify as
fault seals.

Despite having the poorest quality fabrics (i.e.
poorly-sorted and texturally immature) and
therefore highest potential sealing capacities
the clay-rich deformation bands have very sim-
ilar petrophysical properties to their host.
These have PDPK permeabilities up to two or-
ders of magnitude less than that of their host
rocks, and negligible differences in HSGP per-
meabilities are measured relative to their hosts.
Moreover, by reducing the PDPK grid spacing
from 1 cm to 5 mm, certain dark sedimentary
laminae are shown also to have significant re-
ductions in porosity and permeability, and
therefore are also likely to influence fluid flow.
These together with image analysis porosity
measurements show a greater difference than
the conventional measurements in petrophysi-
cal values between host rock and deformation
band. Porosity reductions up to 25% are mea-
sured; slightly greater differences are measured
using thin-section porosimetry.

The analysis of cemented deformation bands
has a large geohistory component, i.e. the
amount of cementation is controlled by burial
histories, fault reactivation, etc., and they are
most effective in modifying the flow properties
of rocks with high depositional porosity and
permeability. This is the case with the fluorite
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cemented dilational deformation bands where
porosity is reduced by up to 75% and perme-
ability reduced by up to five orders of magni-
tude. Many of the cements studied are localised
in distribution within highly crushed (well-
sorted) fabrics, but act to structurally tighten
already low porosity and permeability fault
rocks. For example, PDPK measurements
map swathes of permeability from 3.3x107"7
m? (0.03 mD) to 1.1x107' m? (0.11 mD),
which coincide with these deformation band
zones. It is clear that these deformation bands
may not have such a large influence upon fluid
flow as first appearance in core sample suggests.

These results are by no means universally ap-
plicable, as different reservoirs have had varying
geohistories (i.e. degree of consolidation, depth of
burial and the stress states), and have different
lithologies. Nevertheless, this study provides
high-resolution porosity and permeability data to-
gether with conventional petrophysical data from
common types of deformation bands, categorised
in terms of their fault seal potential. The results
provide valuable calibration for well log sampling
of deformation bands. Moreover integration of
such data with borehole imagery (e.g. FMI), seis-
mic attribute mapping and outcrop studies of
fault geometry distributions is crucial for effective
fault seal analysis.
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